Parakeets exposed for 72 hr to a 1/3_ octave band of noise centered at 2.0 kHz have a maximum threshold shift at 2.0 kHz with little or no spread of threshold shift to lower or higher frequencies. These results differ from those observed in mammals and suggest significant differences between avian and mammalian peripheral auditory processing.
It has long been known that exposure to loud sounds can produce temporary or permanent changes in auditory sensitivity. These threshold shifts have been reported for many conditions of noise exposure in both man (1) (2) (3) and other mammals (4) (5) (6) (7) (8) , and several recurring characteristics have been discovered. These characteristics are most clearly seen in work with the chinchilla (5) (6) (7) (8) and include: (i) a growth of threshold shift that reaches a plateau or asymptote within 18-26 hr independent of the intensity of the noise, (ii) a maximum threshold shift that is usually 1/2-1 1/2 octaves above the center frequency of the noise band, (iii) a spread of threshold shift that is greater for frequencies above the noise band than for those below, and (iv) a decay of threshold shift after removal from the noise, the duration of which depends on the conditions of the noise exposure. The present experiment shows that the general patterns of growth to asymptote and subsequent decay of threshold shift observed in mammals can be extended to the parakeet. However, the maximum threshold shift occurs at the center frequency of the noise (rather than '/2 octave above) and there is relatively little spread of threshold shift into the higher frequencies. We feel these observations are important to our understanding both of the mechanisms of noise-induced threshold shift and of hearing processes in general.
The structures of the avian middle ear and both the anatomy and physiology of the inner ear differ markedly from those found in mammals (9, 10). Pumphrey has suggested, on the basis of middle ear differences alone, that birds are relatively immune to acoustic trauma from loud noises (11) . However, it has recently been reported (12) that canaries exposed to a broadband noise (95-100 dB) from 20 to 200 days, exhibited a permanent threshold shift as measured by singleunit activity in the cochlear nucleus. Unfortunately, a more detailed analysis of the growth and decay of threshold shift could not be inferred from these data. In the present experiment, the parameters of the noise exposure and threshold testing procedures were selected in order to determine whether or not patterns of threshold shift, similar to those reported for the chinchilla, could be observed in the parakeet.
MATERIALS AND METHODS
Four 16-week-old parakeets served as subjects. The birds were surgically deafened in the left ear. Each subject was anesthetized with ether and the feathers surrounding the external meatus were removed. A probe was used to destroy the tympanic membrane, disarticulate the columella footplate from the oval window, and break away the surrounding cochlear bone. All of the birds survived this procedure without infection, although one animal showed a slight vestibular disturbance. Behavioral training was begun 1 week after surgery.
Avoidance conditioning and the method of limits were used to measure the birds' absolute (in the quiet) threshold at six test frequencies. The acoustic environment, apparatus, and sound calibration have been described elsewhere (13) . Puretone stimuli, having rise and fall times of 50 msec, were generated at 1.0, 1.4, 2.0, 2.86, 4.0, and 5.7 kHz. The intensity of these tones was controlled by attenuators and the frequency was monitored to within ± 1 Hz.
The conditioning procedures have been described by Dooling (14) . A bird was restrained by inserting it into a tube 10 cm long and 3 cm in diameter so that its head protruded from one end. The tube and bird were mounted in a sound-deadened room and the animal was trained to avoid shock in the presence of a pure-tone stimulus by biting a response bar mounted 2 cm from its beak. The shock was delivered through wire leads wrapped around each leg. The response was detected by a high-impedance switch connected between one leg and the response bar.
The tone was presented for 4.0 sec, and failure to respond during this interval resulted in the application of intermittent shocks to the birds' legs until a response occurred. All birds reached at least 80% avoidance within 30 to 40 trials, at which time threshold testing was introduced. A modified method of limits was used with a descending series of intensities beginning at about 70 dB sound pressure level. After each correct response, the sound pressure level was attenuated by 20 dB and another trial was run and so on until the bird finally failed to respond. The sound pressure level of the tone was then increased by 10 dB for a final trial run. Threshold was defined as the sound pressure level halfway between the lowest level that resulted in a correct response and the highest level at which the bird failed to respond. This procedure was repeated at each frequency, and the birds were tested in this manner over 5-8 days to obtain stable thresholds at all six frequencies.
A '/,-octave band of noise was generated with a center frequency of 2.0 kHz. The apparatus and the reverberant room in which the birds were exposed have been described elsewhere (5, 6) . A narrow-band noise was selected after considering the characteristics of the parakeet audibility curve (Fig. 1) Fig. 1 . The acoustic spectrum of the '/3-octave band of noise is also presented for comparison.
The accumulation and decay of threshold shift for both the 86-and the 96-dB exposure at 2.0 kHz is seen in Fig. 2 Several procedures were used to ensure that the birds were responding with the noise-exposed ear and not with residual hearing in the surgically damaged ear. When recovery was complete, the good ear was occluded with a cotton wad soaked in mineral oil and thresholds were measured at 2.0 kHz. The average threshold shift was 41.6 dB. When the cotton wads were removed, the thresholds returned to preexposure levels and indicated that the loss was not due to -a change in behavioral performance. The birds were again exposed to the 86-dB noise and after 13 hr, thresholds were measured at 2.0 kHz (threshold shift = 18 dB). The good ear was occluded again and the thresholds were shifted by 47.7 dB. These results imply that while some residual hearing may have remained in the damaged ear, the observed levels of threshold shift were far less than the 41-dB shift due to occlusion of the good ear. Therefore, the measures of threshold shift reported in this paper clearly represent noise-induced fatigue of the normal ear.
The growth to asymptote and the decay of threshold shift are similar in form to those for the chinchilla (5) (6) (7) (8) and man (1) (2) (3) . While it is difficult to make quantitative comparisons at this time because of cross-species differences in audiograms and dissimilar noise-exposure conditions, one aspect deserves comment. The occurrence of asymptotic threshold shift in chinchillas usually requires 18-24 hr regardless of noise levels or frequency of the noise band (5) (6) (7) . In the parakeet, the accumulation of threshold shift was more rapid, reaching its asymptote within 9-12 hr. We feel that this difference is real and may reflect differences in the metabolic processes between these species.
For mammals, the spread of threshold shift into the frequency region lying above the center frequency of the exposure stimulus can be as great as 1 or 2 octaves, depending on the exposure conditions (5-7). The frequency region of maximum threshold shift is usually 1/2 octave above the center frequency of the exposure sound regardless of whether it is a noise band or a pure tone. With the possible exception of veryweak exposures (16) , it has never been reported that the maximum threshold shift occurs at the same frequency as the fatiguing sound. While the spread of threshold shift to higher frequencies may be related to the dynamics of the traveling wave in the cochlea, the mechanism(s) of the '/2-octave displacement has puzzled auditory scientists for a long time and remains obscure.
We have observed a limited spread to higher frequencies in the parakeet with no '/2-octave displacement in the location of the maximum threshold shift. In addition, it has recently been communicated to us that, in the chick, exposure to intense pure tones produced relatively little spread of threshold shift with a maximum threshold shift at the exposure frequency (17) , as measured by evoked responses at the level of the cochlear nucleus.
Since the '/2-octave displacement in mammals has never been satisfactorily explained, we cannot easily account for its absence in the bird. Because our behavioral data for the parakeet compare favorably with the electrophysiological data from the chick, we feel that the reduced spread of threshold shift and lack of '/2-octave displacement are not only real but are probably characteristic of the avian ear. For example, the reduced spread of threshold shift to the higher frequencies may be related to two facts: (i) the envelope of the traveling wave along the avian basilar papilla appears to be extremely "sharp" in comparison to a traveling wave on the longer mammalian basilar membrane: (18, 19) and (ii), in so far as the pigeon is representative of birds, recent anatomical work on the pigeon cochlea (20) has shown that a single nerve fiber innervates a small longitudinal array of hair cells along the basilar papilla in contrast to the rather broad longitudinal innervation found in mammals.
More generally, these data should be significant to our further understanding of the process of threshold shift in mammals since they offer a contrasting model. t Calculations from four cochleas (chicken, guinea pig, man, and elephant) suggest that the envelope of the traveling wave in the chicken cochlea damps from maximum amplitude toward "zero" amplitude roughly 3 times more steeply than does a traveling wave in the guinea pig, 6 .5 times more steeply than in man, and about 8.5 times more steeply than in the elephant. 
